Abstract Progress in nanotechnology is enabled by and dependent on the availabil-ity of measurement methods with spatial resolution commensurate with nanomaterials' length scales.
Introduction
Over the past two decades advances in top-down fabrication methods (1, 2) and in bottom-up nanomaterial synthesis (3) (4) (5) have enabled the preparation of a plethora of nanomaterials. Because nanomaterials typically provide novel properties or improved performance with respect to their macroscopic counterparts (6) (7) (8) (9) (10) , they are of great interest in fields such as electronics (11) , photovoltaics (12) , biology (13) , therapeutics (8, 14) , and many more. However, harnessing the properties of nanomaterials in functional devices is not straightforward because their development and integration often require characterizing the material/device properties (electrical, chemical, thermal, etc.) at relevant length scales. This is particularly important for materials presenting phase separation, heterogeneity, interfaces, or degradation at the nanoscale.
Infrared (IR) absorption spectroscopy directly probes vibrational energy levels and phonons of materials, providing rich chemical and structural information (13, 15, 16) , without any a priori knowledge of the sample. However, the diffraction of the long IR wavelengths (2.5 μm to 20 μm) limits the lateral resolution of IR microscopy to several micrometers (17, 18) . In contrast, atomic force microscopy (AFM) (19) provides nanoscale-resolution images of the sample topography by scanning a sharp tip over the sample. Advanced AFM techniques can assess local mechanical (20) (21) (22) , electrical (23) , and thermal (24, 25) properties by exploiting various tip-sample interactions.
However, they typically require complex modeling, a priori knowledge of the sample, or extensive (and tip-specific) calibration to extract information quantitatively. Ideally, nanoscale information should be immediately informative without necessitating complex calculations or prior knowledge of the sample.
Two techniques that combine the high spatial resolution of AFM with the high chemical specificity of IR spectroscopy are scattering scanning near-field optical microscopy (s-SNOM) (26, 27) and photothermal-induced resonance (PTIR) (28) (29) (30) , also known as AFM-IR. IR s-SNOM (26, 27) measures the amplitude and the phase of light scattered from a tip in proximity to the sample. These quantities are functions of the sample index of refraction and absorption coefficient as well as some other parameters. Although s-SNOM technology benefits from 30 years of steady development, in the author's opinion, it became of general utility to the analytical chemist only recently, thanks to the ability of recording nanoscale IR spectra. Such an advance has been enabled primarily by the availability of continuous narrow-band lasers with broader wavelength tunability (31) (32) (33) and by broadband sources with wider bandwidth (34) (35) (36) (37) (38) (39) . By comparison, PTIR (28) (29) (30) couples a pulsed, wavelength-tunable laser and an AFM cantilever to measure light absorption in the sample by transducing the sample thermal expansion into mechanical cantilever motion. Although of more recent development (≈10 years), PTIR received the immediate attention of analytical chemists because of its ability to record nanoscale spectra that are immediately comparable to far-field IR spectral libraries.
The intent of this review is to inform the reader on the fundamentals of near-field IR chemical imaging and spectroscopy, focusing on the current state of the art, rather than to provide a comprehensive history of technical development and a complete list of references. A few basic concepts pertaining to IR spectroscopy and microscopy are presented first, followed by the working principles of the s-SNOM and PTIR techniques. A few selected examples from the literature, illustrating either technical aspects of the measurements or applications, are discussed.
Finally, a novel implementation of the PTIR technique, referred to as photo-expansion nanospectroscopy (40, 41) or resonance-enhanced AFM-IR (RE-AFM-IR), is described. Because IR analysis should be carried out by looking at a whole spectral pattern rather than a single peak or frequency, this review emphasizes the ability of collecting nanoscale IR spectra and their comparison with far-field spectra, commonly used for materials identification.
Infrared Spectroscopy
IR spectroscopy measures vibrational transitions of molecules and materials via electrical dipolar interactions with light, typically requiring photons with energies between 500 cm−1 and 4,000 cm −1 (20 μm to 2.5 μm). The IR optical properties of a sample can be described by molecular dynamics (42) at the molecular level, or by the complex refractive index (N) at the macroscale:
where λ is the wavelength of light and n and κ are the real and imaginary parts of the index that are related to light scattering and absorption, respectively. For nonmagnetic materials N, n and κ are related to the dielectric permittivity (ε) of the sample by
can be solved by considering the molecule to be isolated (and treating the intermolecular interactions as a small perturbation). A molecule with nonlinear geometry composed of N atoms has 3N − 6 vibrational degrees of freedom (modes). To a hypothetical observer, the superposition of all these vibrations would appear as a complex convolution. However, by approximating the intramolecular potential with a harmonic function, it is possible to find a set of coordinates describing the motion of the nuclei for which all atoms reach the position of maximum displacement and pass through their equilibrium positions at the same time (42) . Such coordinates (normal coordinates) are typically used in the theoretical calculations of IR spectra, and the vibrations they describe are known as normal modes, which are independent (normal) from each other. IR light can be absorbed only if the light electric vector oscillates at the same frequency as the molecular dipole moment modulated by a particular vibrational mode (and if these two vectorial quantities are not orthogonal to each other):
where ̅ is the molecular dipole moment and Q is the normal coordinate describing a normal mode.
The absorption intensity of a normal mode is proportional to the square of the molecular dipole moment derivative with respect to the normal coordinate.
Internal coordinates describe vibrational modes independently of the molecule position and orientation in space, giving scientists a chemically intuitive description of molecular vibrations through changes of bond lengths and angles. Some vibrations are localized on a particular chemical group and always occur in a narrow frequency range, no matter how complex the rest of the molecule. The presence of functional groups in the sample can be easily determined by comparison with empirical correlation tables (29, 30) . Other vibrations involve many atoms (skeletal vibrations) and are characteristic of the whole molecule.
The most important aspect of IR absorption frequencies is that they are the equivalent of fin- out by looking only at a specific peak, but rather by analyzing the entire spectral pattern.
An implicit consequence of considering isolated molecules for calculating IR spectra is that the spectra are determined purely by absorption (not scattering), which is an approximation for solid samples. In general, IR spectra are nontrivially related to n and κ (i.e., absorption and scattering), with relative contributions that depend on the sample preparation and experimental conditions (transmission, reflection, etc.). However, provided that the samples are prepared correctly and consistently (i.e., diluted sample measured in transmission), the resulting spectra are determined mostly by absorption and are, in practice, very useful for chemical identification.
In transmission, neglecting the reflection losses, the transmitted light (T ) is a function of the absorption coefficient (αabs ) and of the path length of light in the sample (l ):
where I0 and I are the light intensity of the incident and transmitted beams, respectively. The absorbance is defined as:
Where αabs = γ · c, γ is the molar absorptivity and c is molar concentration of the absorbing species.
Equations 6 and 7 are good approximations if (a) the sample is homogeneous, (b) the sample is weakly absorbing, (c) scattering is negligible, and (d) n and κ of the sample are independent. Under these approximations, the absorption coefficient is related to n and κ by
However, in the vicinity of sharp IR absorption peaks, n commonly shows a strong dispersion (i.e. depends on κ), (47) and equation 8 should be regarded only as an approximation.
Infrared Microscopy
Fourier transform infrared (FTIR) spectrometers coupled with IR microscopes enable scientists to routinely obtain spectral information from small sample areas and chemical images. Given the broad application of IR spectroscopy, the use of IR microscopy is also widespread and has been the subject of recent reviews (48) (49) (50) (51) 
where ξ s the lateral resolution and NA is the numerical aperture of the microscope objective. From Equation 9 , two significant drawbacks are immediately clear. First, the lateral resolution is comparable to λ, which in the mid-IR is too large to capture nanoscale details. Second, the wavelength-dependent lateral resolution can limit the utility of IR analysis when mapping the chemical distribution of components with characteristic peaks in different spectral regions or when calculating intensity map ratios. The lateral resolution can be improved by a factor of four by using germanium (n = 4) attenuated total reflection objectives (49), but it is insufficient to reach the nanoscale range. Recently, FPAs with pixel sizes smaller than the optical diffraction limit have significantly improved image quality at the expense of lower signal-to-noise ratio (SNR) (52).
High-brilliance light sources such as synchrotrons (18) and quantum cascade lasers can compensate for the lower SNR of those detectors (53, 54) . Recently, a synchrotron source that combines multiple beams (55) was used in combination with tomographic reconstruction algorithms to extend IR microscopy to 3D.
Although the utility of IR chemical imaging is undeniable, it is also commonly recognized that differences (peak shifts, baselines distortions, etc.) exist between IR spectra from the bulk or from a microscopic portion of the sample. These differences arise mainly from the scattering and transmission of light at interfaces with characteristic length scales comparable to the IR wavelengths (56) . In other words, spectra recorded with IR microscopes contain information related to both n and κ that should be decoupled to obtain pure local chemical information independently of morphology (i.e., scattering). Thanks to FPAs, far-field IR microscopy provides full spectral information within every pixel over relatively large areas, thus enabling high throughput. However, the poor lateral resolution hampers its utility in nanoscale science and technology.
Scattering Scanning Near-Field Optical Microscopy (s-

SNOM)
In the quest for subwavelength imaging, earlier works (57-59) employed scanning probes with small (≈50 nm) apertures to illuminate the sample locally. Because the power transmitted through the aperture scales as ∼λ −4 (60) , this approach proved to be challenging in the mid-IR. In contrast, IR s-SNOM (26, 27) measures the light scattering from a scanning probe tip in proximity to the sample and has been applied to characterize several materials including plasmonic antennas (61) (62) (63) (64) (65) (66) (67) , nanowires and nanotubes (32, (68) (69) (70) , polymers (26, 34, 35, 71) , small-molecule thin films (72) , minerals (36, 37, 74) , graphene (75) (76) (77) , hexagonal boron nitride (78) , and biological samples (79) (80) (81) . In-depth instrumental and theoretical details of s-SNOM are available in former reviews (82) (83) (84) (85) . Although different s-SNOM setups have been reported, they commonly require a light source (spectrally narrow or broad), far-field optics to focus and collect light, a sharp scanning probe tip operating in tapping mode, and an interferometer with an IR-sensitive detector for measuring the amplitude and phase of the scattered light (Figure 1a) . Additionally, a measurement scheme to amplify the weak near-field signal and to discriminate it from the broad, nonlocal background is necessary. A spectrally flat reference material (such as Si or Au) is typically used to compensate for the instrument spectral response.
The tip is crucial in s-SNOM because, in addition to the sample topography, it provides the electric field confinement and enhancement necessary for achieving subwavelength resolution (≈ 20 nm) (82) . In s-SNOM, the tip-mediated light-sample interaction changes the amplitude and phase of the scattered light as a function of the local complex index of refraction. Because the amplitude and phase of the scattered light are not simple functions of κ (33), the resulting s-SNOM spectral line shapes may not correlate with far-field IR spectra. In general, this makes the identification of unknown materials and the interpretation of small spectral shifts or intensity changes challenging tasks requiring tip-specific modeling (27, 86) to accurately describe the tipsample-substrate interactions in the near field. Although rigorous, tip-specific modeling of light scattering is necessary to interpret fine details in s-SNOM experiments, calculations typically approximate the tip as a sphere of radius (r) comparable to the tip apex (Figure 1b ). This simple model allows interpretation of a large fraction of s-SNOM data with reasonable accuracy.
According to this model, for weakly dispersive (i.e., weakly absorbing) modes, the s-SNOM phase provides spectra that resemble far-field IR spectra (34, 37, 61, 87) . The sphere field scattered (Es)
is modeled as a point dipole:
where Einc is the incident electric field and αeff is the effective polarizability of the tip which is a function of the dielectric properties of the tip (εtip) and of the sample (εs) (26) . Under the assumptions that: (a) the sphere is polarized only in the sample direction, (b) the sample is polarized only by the sphere dipolar field, (c) there no retardation effects and (d) r << λ:
, (11) where d is the distance between the point dipole and the sample, α and β are the polarizability of the sphere and of the point dipole induced by the tip in the sample, respectively: Despite the field enhancement, the s-SNOM signal typically is much weaker than the non-local scattered background. To discriminate the two contributions, the near-field interactions are periodically modulated by driving tip oscillations (of tens of nanometers) close to the cantilever bending mode frequency (Q). Although the background is essentially unaffected by the modulation, the nonlinear dependence of the near-field signal on the tip-sample distance (see Equation 11 ) introduces higher harmonics in the scattered signal. The near-field signal is retrieved with a phase-sensitive lock-in detection of the harmonics of the tip oscillation frequency. As a rule of thumb, for the second and higher harmonics, the near-field signal typically exceeds that of the background. The selective excitation of the tip apex via adiabatic surface plasmon polariton nanofocusing is an interesting novel approach to reduce the unwanted background scattering that exploits the spatial separation between the illumination location and the tip apex (90) (91) (92) .
Homodyne (32, 93) or pseudoheterodyne (94) interferometric techniques are typically used to amplify the near-field signal and determine its phase with respect to a known reference field. In the case of homodyne amplification, the harmonics of the s-SNOM signal amplitude are measured for two reference phases shifted by 90°, thereby enabling the determination of the near-field magnitude and phase of the scattered light. In the case of pseudoheterodyne amplification, a continuous (sinusoidal) phase modulation is applied to the reference field, which results in improved background suppression and allows the determination of the real and imaginary components of the near-field signal.
Graphene attracts interest in several applications because of its unique combination of properties. However, electrical transport and plasmon propagation in graphene are negatively affected by grain boundaries and other defects (75) and are typically difficult to characterize with conventional techniques. s-SNOM tips were used to launch surface plasmons in graphene and to visualize grain boundaries, invisible in AFM topography, by revealing the interference between the plasmon waves launched by the tip and the wave reflected by the grain boundaries or other defects (75, 76) . s-SNOM was also used to image plasmon propagation in graphene flakes, revealing plasmonic wavelengths (tunable by electrical gating) that are up to 40 times shorter than in free space (77) . Similarly, surface phonon polaritons were measured in hexagonal boron-nitride flakes (78), revealing long (10 μm) propagation lengths with wavelengths (tunable as a function of the material thickness) that are up to 25 times shorter than in free space. Even higher wavelength confinement (up to ≈70 times) was observed in boron-nitride nanotubes (70) .
One common application of s-SNOM is mapping the amplitude (|Az|) and phase (Φz) of the electric field component perpendicular to the plane of plasmonic structures (61) (62) (63) (64) (65) (66) (67) 95) . The modes of two plasmonic structures with similar resonant frequencies in proximity hybridize (96) , forming symmetric (bright) and antisymmetric (dark) collective modes (97) . Whereas symmetric bright modes have a large electric dipole and interact strongly with light, dark modes have a small net electric dipole because the electric polarization vectors are in opposite phase in the two structures.
However, dark modes typically lead to stronger near-field enhancement because of their reduced coupling with free space. s-SNOM provided the first direct experimental visualization of the interference between bright and dark plasmonic modes (Figure 2 ) (62) . These experiments used a continuous-wave CO2 laser that has a high brilliance but limited wavelength tunability, thus preventing the acquisition of near-field spectra. However, by measuring the phase of the scattered field, s-SNOM images can distinguish between bright-mode (in phase) and dark-mode (out of phase) excitations, as exemplified in Figure 2c where the rods extremities are 180° out of phase, indicating a dark-mode excitation. Quantum cascade lasers have wider wavelength tunability (a few hundred wavenumbers) than CO2 lasers, enabling the acquisition of near-field IR maps and spectra (31) (32) (33) 63) . Even broader spectral coverage in s-SNOM was achieved using a thermal source, similar to those used in FTIR (98) , but the low brilliance of this source limits its applicability. The availability of brilliant coherent sources based on difference frequency generation of femtosecond pump pulses (34) (35) (36) (see Figure 1a) has enabled the acquisition of broadband IR s-SNOM spectra covering up to ≈ 800 cm −1 in the 700-2,100 cm −1 spectral range (Figure 3 ) (34) . For weak IR absorption peaks, the s-SNOM phase spectra resemble, in good approximation, far-field IR absorption spectra, thus enabling material identification (Figure 3c ) (34) . Furthermore, using the same setup and more sophisticated modeling to analytically invert the near-field scattering problem, both n(λ) and κ (λ)
can be determined for weak absorbers, in good agreement with FTIR and ellipsometry measurements (35) . Very recently, broadband synchrotron sources (37, 39) enabled the acquisition of near-field amplitude images (showing contrast in the sample refractive index) and amplitude (|A|) and phase (Φ) spectra across the full mid-IR spectral range (from 700 cm −1 to 5,000 cm −1 ) (37). These setups were used to measure SiO2 , CaCO3 polymorphs, dried proteins (37), and semiconductors (39) .
For a SiO2 sample (Figure 4) , the spectra reveal spectral shifts at the SiO2 step edge, which are attributed to changes in the sample thickness and/or to changes in the tip-sample interaction for the sharp interface (37).
According to the point-dipole approximation, the field enhancement under the tip is confined to a depth comparable to the tip radius, thus limiting the utility of the s-SNOM analysis to only the top (≈25 nm) portion of the sample. This is a good approximation for nontransparent samples. is necessary for comparing the s-SNOM absorption spectra with FTIR absorbance spectra, these recent findings bring the application of multivariate analysis at the nanoscale a step closer.
Photothermal Induced Resonance (PTIR)
In PTIR (28) (29) (30) (Figure 6a) . In total internal reflection, the evanescent field excites the sample and minimizes the direct light-tip interaction, resulting in better SNR. Setups using top illumination (40, 41, 113) or transmission (109) through a transparent substrate have also been reported. Although the laser spot is large (≈ 30 μm), the sharp AFM tip serves as a near-field detector by locally transducing the small thermal expansion resulting from light absorption in the sample into large cantilever oscillations, thus conferring high lateral resolution on the measurement. Such oscillations are monitored by reflecting the AFM laser beam from the cantilever onto a fourquadrant photodetector (Figure 6 ). The theory of PTIR signal generation was developed in detail by Dazzi and coworkers (131, 132) and was recently corroborated with experimental observations (30, 118) . Briefly, the PTIR signal is obtained by transducing optical energy into heat, heat into thermal expansion, thermal expansion into cantilever oscillation, and cantilever motion into photodetector signal (118, 131) . The sample thermal expansion is much faster than the AFM feedback (impulsive loading), fast enough to induce a ring down in the photodetector signal (Figure 6b) and to excite several mechanical modes in the cantilever (Figure 6c) . The laser repetition rate (typically 1 kHz) allows sufficient time for completing the ring down before the arrival of a new pulse and enables synchronous signal averaging. Spectroscopic information is extracted either by determining the deflection maximum in the time domain (Figure 6b) Methods for achieving a higher SNR are of great interest because, by reducing the acquisition time, they can increase the typically low throughput of scanning probe experiments. Because the PTIR signal varies in both time and frequency (Figure 6 ), noise can be reduced by applying a time-frequency signal transformation (such as the Morlet wavelet transform) and by filtering the signal for times longer than the cantilever ring down and for frequencies not corresponding to the cantilever bending modes (119, 120) . By virtue of reduced noise, this method yields a 32-fold reduction in the need for pulse averaging (120) , resulting in a corresponding throughput increase.
The SNR can also be increased by using cantilevers with higher sensitivity, which provide a stronger signal. For example, modified Si cantilevers with an internal resonator paddle (Figure 7) resulted in a 6-fold SNR increase with respect to unmodified cantilevers (114) . Such modification reduces the cantilever stiffness, providing higher sensitivity, and reduces the cantilever dumping, prolonging the ring down, thus reducing the relative noise. Because the SNR is a square root function of the number of averages, a 6-fold-better SNR leads to a 36-fold-higher throughput (114) .
According to theory (131, 132) , the PTIR signal (S) is proportional to the absorbed energy per unit area (Uabs), to the cube of the sample thickness (z), and to the sample thermal expansion coefficient (αexp). It is also inversely proportional to the sample thermal conductivity (η):
This expression was confirmed experimentally in a total internal reflection configuration by analyzing the spectra of a poly(methyl methacrylate) (PMMA) wedge patterned with e-beam lithography (30) (Figure 8) . The PTIR signal increases linearly with thickness up to ≈ 1 μm; it then reaches a (λ-dependent) maximum and decreases for larger z (Figure 8a) , because of the exponentially decaying field amplitude in the sample. In a total internal reflection configuration, Uabs is not proportional to the sample thickness and does not have a simple analytical expression.
Instead, it depends on how steeply the evanescent field intensity decays inside the sample (30). In total internal reflection, the field amplitude in the sample (E) is usually expressed as a function of the penetration depth (dp) (133, 134):
where E0 is the electric field amplitude at the prism-sample interface and dp is the distance where E is reduced by a factor of e and it is given by (135):
where (ϑ) in the light incident angle, 1 ( ) = 1 (λ) and 2 ( ) = 2 (λ) + 2 ( ) are the refractive index of the nonabsorbing prism and of the sample, respectively (30) . Uabs is a nonmonotonic function of z (Figure 8c ) and can be calculated (30) as the difference between the evanescent fields intensities for a non-absorbing medium (κ = 0) and for a sample with extinction coefficient κ2: (105) and biofuel (106) production in bacteria cultures, the imaging of phase-separated drug-polymer blends (122) , and the characterization of drug nanocrystals in solid matrixes (123) . A few examples of PTIR characterization in materials science are reported below.
Plasmonic nanostructures attract interest in energy (138) , sensing (139) , and therapeutic (14, 140) applications because of their ability to enhance light-matter interactions at the nanoscale.
Surface-enhanced infrared absorption (SEIRA) spectroscopy (66, 97, 141, 142) PTIR has also been used to obtain near-field absorption spectra of plasmonic resonators and to image their plasmonic modes (Figure 10 ) (126) . Again, the PTIR spectra of the resonators are not complicated by Fano resonances, typically observed in s-SNOM and far-field spectroscopies.
Although probed locally, the PTIR spectra are characteristic of the resonator's collective plasmonic modes, not of the constituent isolated arcs. The PTIR images in Figure 10 display the energy dissipated in the arcs due to the plasmonic excitation (126, 145) , and provide evidence of the interference between the bright and dark modes in these structures. One limitation of PTIR images is that they do not provide phase information, making theoretical calculations necessary to assign bright-or dark-mode excitations (97) . Another challenge that PTIR has addressed is the determination of the linkers' distribution within MOF single crystals (128) . MOFs are nanoporous functional materials consisting of inorganic clusters interconnected by organic linkers whose structure and properties can be tailored by chemical design (146) (147) (148) . MOFs find applications in catalysis (149) , separation (150) , sensing (151) , etc. Synthesis of MOFs with multiple linkers (mix-MOFs) raised the question pertaining to the linkers' spatial distribution within MOF crystals (148) , which is hardly determinable with conventional techniques because of the low spatial resolution. PTIR data on individual mix-MOF crystals isoreticular to In-MIL-68 (152) determined that those crystals are homogeneous at the ≈ 100-nm scale (128) . Additionally, such characterization enabled the development of a new synthesis method for engineering anisotropic domains in MOF single crystals with linker composition gradients occurring over ≈ 600 nm (128) .
In contrast with FTIR, the lateral resolution of PTIR does not depend on λ (118, 130, 132) , but instead depends on the tip size and on the sample thermomechanical properties (132) . For thin samples with η sample significantly smaller than η substrate , the resolution is determined by the tip size rather than by the sample properties (105, 130) . For thicker samples, the lateral resolution may also depend on the sample properties, but it is not easily predictable because the thermal properties at the nanoscale often differ from bulk values (153) and because the thermal diffusion at the materials' interfaces is not well understood. In fact, mismatches in phonon energy and density of states across different materials can cause phonon scattering instead of transmission, resulting in interfacial thermal resistance (154, 155) . Even if not completely understood, these effects favor high lateral resolution in PTIR, which is typically 100 nm or better (30, 104, 107, 114, 116) .
Recently, the PTIR spectra range was extended to the visible range, enabling the acquisition of correlated vibrational (chemical) and electronic property maps and spectra with a wavelengthindependent resolution as high as ≈ 20 nm (130) . As in the case of s-SNOM, the lateral resolution is reduced for buried objects (97, 103) .
A major challenge of PTIR in the total internal reflection configuration is the sample preparation on the prism. However, the linear dependence of the PTIR signal with sample thickness (for z < 1 μm), its proportionality to the absorption coefficient, and its independence of scattering (30) allow materials to be identified at the nanoscale using FTIR spectral libraries. Newly commercially available setups employing top sample illumination remove the challenge of sample preparation, but they require gold-coated cantilevers to avoid direct light absorption in the tip. The dependence of the signal intensity on the sample thickness has not yet been determined for the top sample illumination configuration.
Resonance Enhanced AFM-IR (RE-AFMIR)
RE-AFM-IR is a novel technique combining some aspects of PTIR and s-SNOM measurements and has been used to characterize polymers (40) and self-assembled monolayers (41) . RE-AFM-IR setups require a pulsed, spectrally narrow laser source tunable both in wavelength and in repetition rate, an AFM tip operating in contact mode, far-field optics to focus light under the tip, and a lock-in amplifier (Figure 11) . A gold reference spectrum is typically used to account for the instrument spectral response (41) . The sample is illuminated either through a transparent substrate (40) or from the top (41) . Quantum cascade lasers have characteristics suitable for RE-AFM-IR. RE-AFM-IR exploits both the Q-factor of the cantilever and the sample thermal expansion to measure IR absorption spectra and maps, by matching the laser repetition rate to the frequency of one of the cantilever oscillations. This way, subsequent laser pulses induce sample expansion and transfer energy to the cantilever synchronously with the cantilever oscillation (i.e., on resonance), resulting in Q-fold amplification of the signal (Q ≈ 100 for commercially available cantilevers).
Lu et al. (41) showed that by exploiting the large electromagnetic field enhancement (≈ 10 5 )
found in the nanogap between a sharp gold-coated tip and a gold substrate, RE-AFM-IR can achieve monolayer sensitivity (see Figure 11) . In this case, the field confinement at the tip provided lateral resolution comparable to the tip size (≈ 25 nm). RE-AFM-IR induces very small temperature changes in the sample, which is important for studying biological samples. While scanning, the cantilever resonances typically vary in frequency, intensity, and Q-factor because of, for example, changes in the sample mechanical properties. Consequently, for general applicability, measurement schemes that spatially maintain or track the cantilever resonance should be employed to ensure measurement stability. 
Concluding Remarks and Perspective
Although driven by a common goal, by measuring absorbed and scattered light, respectively, PTIR and s-SNOM are largely complementary techniques. For example, bright and dark plas-monic modes behave differently: The bright-mode excitation results mainly in scattered light and little absorption, whereas the dark mode exhibits strong absorption and weak scattering (126) . Consequently, PTIR is typically more sensitive to dark modes, whereas s-SNOM is more sensi-tive to bright modes. Additionally, s-SNOM is mostly sensitive to a thin portion of the sample in proximity to the tip, whereas, in the total internal reflection configuration, PTIR probes sam-ple thicknesses comparable to the field penetration depth (30) . Finally, materials with large αexp and small η are generally easy to measure with PTIR, whereas materials with very small α exp are challenging (118) . However, the latter do not present additional challenges for s-SNOM. Consequently, the nature of the material and its thickness play important roles when choosing an appropriate measurement method. Furthermore, the two methods are not entirely equivalent: s-SNOM can provide phase information and potentially provides information about the sam-ple complex refractive index; PTIR provides spectra that depend on absorption and are directly comparable with IR spectral databases. The three nanoscale techniques described here produce chemical maps at selected wavelengths or spectra at selected locations, but the acquisition of full IR spectra at each pixel, and within a reasonably fast timeframe, has not yet been achieved. It is expected that research will focus on increasing the SNR by increasing the sensitivity and by reducing noise, thus increasing throughput.
To this end, improvements to laser sources will certainly be beneficial. Another important area to be addressed for both s-SNOM and PTIR is the interpretation of the signal intensity for samples presenting material heterogeneity through the sample thickness. The availability of commercial s-SNOM, PTIR, and RE-AFM-IR setups, combined with the general utility of IR analysis and the growing breadth of nanomaterials and biological applications, suggests that the field of nanoscale IR imaging and spectroscopy is poised for rapid growth in both academic and industrial settings.
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